Internal curing of high performance cementitious mixtures by superabsorbent polymers, SAP, reduces self-desiccation and self-desiccation shrinkage. Depending on the type and on the dosage of the SAP, shrinkage may be totally avoided and early-age expansion may be observed. This early age expansion is measured by both linear and volumetric techniques.
INTRODUCTION
The development of high-performance concrete (HPC) in the early 1980s was a significant progress in concrete technology. Initially, attention focused on the increased strength of HPC, but today HPC is used for many different applications. The industrial use of HPC, however, was confronted with the problem of early-age cracking. Subsequent research in the 1990s showed that autogenous shrinkage strain is the major cause of cracking in HPC [1] .
Autogenous strain is the self-created bulk strain of a cement paste, mortar or concrete during hardening at constant temperature. In conventional concrete, autogenous shrinkage strain is generally negligible, whereas in HPC it may be considerable [1] . Autogenous shrinkage in HPC is closely related to self-desiccation of the cement paste.
A solution to early-age self-desiccation and self-desiccation shrinkage is internal water curing, which may be obtained by different techniques, for example using saturated lightweight aggregates or superabsorbent polymers (SAP) [2] . In particular, water entrainment by means of SAP [3] leads to controlled formation of water-filled macropore inclusions in the fresh concrete, which prevents self-desiccation shrinkage of the hardening concrete. A previous paper [4] reported experimental observations of autogenous strain, autogenous relative humidity (RH) change, compressive strength, and stress development during restrained hardening in cement pastes and mortars with SAP. Addition of SAP, depending on the amount of SAP used, reduced or eliminated self-desiccation and shrinkage, and avoided early-age cracking. Further evidence of shrinkage mitigation with SAP was presented in subsequent papers [5, 6] .
The size of the SAP particles affects their performance in concrete in many ways, such as their mechanical stability during mixing, their influence on the rheology of the fresh concrete, and their ability to reduce autogenous shrinkage. If the SAP inclusions are large, they may not be able to fully supply every part of the cement paste with water during hydration. Computer simulations indicate that the water diffusion in a cement paste is limited to about 100-200 μm when the capillary pore space is depercolated [7] . However, X-ray absorption measurements showed that internal curing water may travel for a few mm in the first days of hydration [8] . Very large SAP particles may also have a reduced efficiency due to insufficient time for water uptake during mixing. On the other hand, if the SAP inclusions are small, their shrinkage reducing effect may be partly offset by filling with hydration products or a less active surface zone of the SAP particles compared to the bulk. Based on these considerations, it was suggested that an optimum size for the SAP particles may be 100 μm in the swollen state [4. In this study, the influence of the particle size of the SAP on autogenous strain of cement paste will be examined in detail. This research may lead to an optimization of the SAP size in view of mitigation of autogenous shrinkage. More details are available in a report [9] .
SAP addition not only reduces autogenous shrinkage, but may induce early-age expansion [4] [5] [6] . Early-age expansion in autogenous strain measurements has been a debated topic: for example, some authors consider it predominantly an experimental artefact caused by reabsorption of bleed water [10] . Early-age expansion is investigated in this paper by comparing results linear and volumetric measurements.
MATERIALS
Cement pastes with w/c 0.30 and 20% silica fume addition were investigated, with and without addition of SAP. SAP were added varying its amount, 0.3 and 0.6 wt.% of cement, and its particle size.
A A naphtalene-based dry powder superplasticizer was added at a rate of 1.0 wt.% of cement+silica fume.
The SAP used is a suspension-polymerized covalently cross-linked acrylamide/acrylic acid copolymer [4] . The spherical particles have diameters varying from 50 to 250 µm in the dry state. The size of the swollen SAP particles in the cement pastes and mortars is two to three times larger due to pore fluid absorption. During mixing of the cement pastes, the SAP absorb about 12.5 g of pore fluid per g of SAP [4] . Additional mixing water was added to the mixtures with SAP in an amount sufficient to saturate the SAP particles. This amount corresponds to an entrained w/c of 0.037 and 0.075 respectively for the pastes with 0.3 and Examination of the SAP particles by optical microscope revealed that for the middle SAP sizes, 63-160 μm, about 80% of the particles were spherical. For the extreme SAP sizes investigated, about 50% were spherical. Fractions smaller than 45 μm or larger than 250 μm were not used because the finest particles were broken and coarsest were agglomerates rather than individual particles. Figure 1 shows the smallest and the largest fraction of SAP used in the experiments.
mm mm The cement pastes were mixed in a 5-l epicyclic mixer. Cement and all other admixtures, including the SAP, were put into the mixing bowl. Mixing was done at low speed for 1 minute, while gradually adding about 3/4 of the demineralised water. Mixing continued at high speed for 1 minute, after which it was stopped and the paste was scraped off from the blade and the walls of the bowl for 1 minute. Mixing was resumed for 1 minute at low speed while the rest of the water was added; a last minute at high speed followed. The water was added in two steps to assure the homogeneity of the mix and the dispersion of the silica fume. Total mixing time from first water addition was 5 minutes. The temperature of the ingredients was approximately 20°C at mixing.
METHODS

3.1
Volumetric autogenous strain Volumetric measurements autogenous strain were performed by monitoring the weight of cement paste samples sealed in membranes, submerged in paraffin oil, and suspended from a high-precision balance [6] . For each test, 100 to 150 g of freshly mixed cement paste was cast in a membrane. The membranes consisted of polyurethane condoms with thickness 0.04 mm. Any lubricants were removed from the membranes with a paper towel. After cleaning, the membranes were filled with cement paste. The filled membrane was tightly closed with a knot, paying careful attention to avoid the entrapment of air bubbles. The excess part of the membrane was then cut off and a monofilament line was tied to the sample. The line, approximately 400 mm long, was tied to a stainless steel hook. The sample was then gently lowered into a plastic container filled with paraffin oil that was placed in the temperature regulated water bath, see Figure 2 , left. The weighing accuracy of the balance results in a nominal accuracy on the measured strain of 0.5 μm/m, considering typical sample sizes and isotropic deformations. The actual uncertainty on the measurements is about 10 times higher, being dominated by a number of factors, including oscillations of the sample and vibrations in the water bath.
3.2
Linear autogenous strain Linear autogenous strain of cement pastes was measured by a special measuring technique [11] , where the cement paste is encapsulated in thin, corrugated polyethylene moulds with length:diameter ratio of approximately 300:30 mm. The technique ensures insignificant restraint of the hardening cement paste and permits measurements to start 30 minutes after water addition. The cement paste was cast under vibration into the moulds; the specimens were then placed in a dilatometer equipped with automatic data-logging and electronic linear displacement transducers (Figure 2 , right). The dilatometer with samples was submerged into a temperature-controlled glycol bath at 20±0.1°C. Two samples were tested simultaneously in the dilatometer, with a measuring accuracy of ±5 μm/m. A separate sample with an embedded thermocouple registered the temperature evolution; a maximum temperature increase of 0.5°C occurred at 8 h from water addition and the temperature equilibrated at 24 h. Measurements were performed every 15 minutes and started 30 minutes after water addition. A detailed description of the measurement technique can be found in the literature [11] . Linear measurements performed with the dilatometer [11] and volumetric measurements in paraffin oil [5] fundamentally agree, after minor differences in the first few hours (Figure 3) . Moreover, both types of measurements are reproducible and show little scatter throughout the measuring period. This good agreement, obtained for 2 cement pastes with completely different autogenous strain behaviour, confirms the overall validity of these two techniques. However, the volumetric technique is experimentally more laborious than the linear and it is sensitive to a number of artefacts [6] . A detailed observation of the expansion phase for the paste with SAP ( Figure 3 ) reveals that the minimum of the strain is shifted at later ages in the volumetric measurements and the expansion is lower. After the first expansion phase, however, the measured strain is very similar. Causes of these differences are possibly a result of well-known artefacts of both techniques. In the following, some possibilities are analyzed.
RESULTS AND DISCUSSION
Comparison of volumetric and linear measurements
Reabsorption of bleed water may lead to a measured additional shrinkage in the volumetric method that may (partially) obscure the initial expansion of the paste [6, 10] . On the other hand, it may lead to an increased expansion in the linear technique [10] . However, bleeding was not observed for this particular cement paste.
Absorption of entrapped air and suction of the membrane into the small irregularities may occur on the surface of the volumetric sample. Observation of the samples after the test revealed indeed a few small air bubbles on the surface where the membrane had been sucked in. This artefact would result in apparent extra shrinkage that overrides the initial expansion.
In the volumetric method, the pressure of the elastic membrane [12] acts on the weak interface layer between membrane and pastes, potentially restraining early-age expansion.
Moreover, the deformability of this weak surface layer may be much greater than the one of the bulk sample, amplifying the effect of the membrane pressure.
All these mechanisms should be especially relevant in the period around and immediately after setting, which corresponds to the period when expansion is measured. Their relevance in the later period would be minor.
Additionally, when in the volumetric method the buoyancy liquid used is water, transport of water through the rubber membrane, occurs from the start of the measurement and is particularly significant at early ages [6, 13] . Penetrated water may partially fill the internal voids produced by chemical shrinkage, causing an increase in the submerged weight that is finally interpreted as volumetric shrinkage. This phenomenon can explain discrepancies between volumetric and linear measurements performed in the past (see [6] for an overview), but is not relevant for the measurements described in this paper.
More generally, it is observed that cement pastes that do not experience self-desiccation, like wet cured or internally cured pastes, show early age expansion [14] . The cause of this expansion is the hydration reaction, because hydration products cause crystallization pressure and disjoining forces occur between newly created surfaces [14] . If the pastes self-desiccate, self-desiccation shrinkage will override the expansion in part or completely. Otherwise, the expansion will be manifested in the measurements. Figures 4 and 5 show results of linear measurements of autogenous strain performed at 20°C in the first 2 weeks of hardening on cement pastes differing in the amount and in the size of the SAP. Water entrainment by SAP addition has a critical effect on the autogenous strain. Without SAP addition, the cement paste develops a considerable shrinkage, 2850 μm/m during 2 weeks of sealed hardening. If water is added to the mix raising the w/c from 0.3 to 0.337 and to 0.375, little influence is seen on the shrinkage of the paste, except for a reduction of the shrinkage between 1 and 2 days (Figures 4 and 5) . On the contrary, if the same amount of water is entrained in the cement pastes by means of SAP, shrinkage can be reduced or avoided and an initial expansion of about 500 µm/m may be induced. This results proves that it is the change in the pore structure obtained by SAP addition that prevents the shrinkage, not the amount of water added [3] .
Linear measurements on pastes with different SAP sizes
In pastes with SAP addition, an expansion occurs in the first day after setting (Figs. 4 and 5). Early-age expansion is typically not problematic for concrete, as it leads to compressive forces. Moreover, it compensates the significant shrinkage that the reference pastes undergo in the first day of hydration, about 1800 μm/m. This high initial shrinkage is avoided even with 0.3% SAP. However, it is questionable if this very early age shrinkage would lead to high internal stresses and potential cracking: in fact, the low stiffness and high creep of the cement paste in the first day of hydration may reduce self-induced stresses considerably [15] .
The initial expansion in the cement pastes with SAP is systematically correlated with the size of the SAP particles: larger particles result in a higher initial expansion, with the only exception of the 160-250 μm fraction that has a slightly lower expansion than the 125-160 μm fraction. This is in apparent contradiction with the assumption that smaller particles should be more effective due to a better distribution in the cement paste [4] . However, since water may be able to travel at least a few mm in a cement paste in the first days of hydration [8] , the SAP do not need to be distributed to a sub-mm level to be effective. On the contrary, small SAP particles, with a larger surface/volume ratio, may release internal curing water less promptly at early ages; it is dominantly the bulk of the SAP that acts as a water reservoir. After one day, all the reference cement pastes and the pastes with 0.3% SAP undergo shrinkage. After 2 days, all the pastes shown in Figure 4 shrink at about the same rate. Addition of 0.3% SAP does not lead to shrinkage mitigation after the initial expansion. A possible explanation is that all the entrained water is consumed in the first day of hydration, when expansion occurs. After 1 day, the SAP inclusions are dried out and self-desiccation takes place, leading to self-desiccation shrinkage. Actually, estimations based on Powers' model for hydration of cement show that mixtures with 0.3% SAP contained an amount of entrained water insufficient to avoid self-desiccation [3, 14] .
These calculations also suggest predict that cement pastes with 0.6% SAP contain an amount of entrained water more than sufficient to avoid self-desiccation. This is confirmed by the results shown in Figure 5 , where the cement pastes with SAP did not shrink during the duration of the experiment, 14 days. The early age expansion was higher the larger the SAP particles, again suggesting that water might be released more promptly from larger particles at early ages.
5.
CONCLUSIONS − When added in sufficient amount, SAP particles avoided autogenous shrinkage of cement paste, even resulting in early-age expansion. This expansion is observed in both volumetric and linear measurements, and cannot be considered an experimental artefact. − While internal curing water in SAP mitigates or avoids shrinkage, the same amount of water added to the mixing water produces almost no effect on the autogenous strain. − Larger SAP particles, ~200 μm in the dry state, produced a larger expansion in the first day compared to smaller particles. However, when the amount of SAP was sufficient to avoid self-desiccation, all sizes of SAP were equally efficient in eliminating autogenous shrinkage within the two weeks of observation.
